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In this paper, we demonstrate how to apply atom probe tomography (APT) to molecular organic electronic
materials. We demonstrate that APT can provide an unprecedented combination of mass resolution of < 1 Da,
spatial resolution of ∼ 0.3 nm in z and ∼ 1 nm in x-y, and an analytic sensitivity of ∼ 50 ppm. We detail two
systems that demonstrate the power of APT to uncover structure-property relationships in organic systems
that have proven extremely difficult to probe using existing techniques: (1) a model organic photovoltaic
system in which we show a chemical reaction occurs at the heterointerface; and (2) a model organic light-
emitting diode system in which we show molecular segregation occurs. These examples illustrate the power
of APT to enable new insights into organic molecular materials.
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I. INTRODUCTION
Modern electronics now include a wide variety of or-
ganic devices, such as organic photovoltaics (OPVs), or-
ganic thin film transistors (OTFTs), and organic light-
emitting diodes (OLEDs). Compared to their inorganic
counterparts, organic electronic devices enjoy a number
of advantages, including low-cost room-temperature de-
position, easy patterning at relevant length scales (e.g.
display pixels), mechanical flexibility, and application-
specific tunability; the broad commercial success of
OLEDs in the past few years provides a clear example
of this.1 However, to fully realize these advantages re-
quires more detailed knowledge of the structure-property
relationships of these devices. As we will show, atom
probe tomography (APT) is a valuable tool for driving
our knowledge of these molecular systems.
The fundamental physics of inorganic semiconductors
has been well-established for over half a century, though
engineering challenges remain. In contrast, there are
still many developments to be made in the fundamental
physics of organic semiconducting materials.2–4 A ma-
jor difference for organic electronics—which makes them
more difficult to describe theoretically—is the strong in-
fluence of small changes to morphology on device per-
formance and reliability.2,5,6 Many methods have been
explored to determine how microstructure changes with
material, deposition, and processing conditions;4,6–15 in
addition, morphological changes and molecular degra-
dation impact the performance and lifetime of these
devices.9,16–22 These studies have led to improvements in
performance, but have largely been driven by empirical
investigation rather than material theory.6–8 Improved
structural characterizations of these devices in three di-
mensions will lead to better physical theories of organic
electronics, shortening development times.5–8,23–25
Because their properties are strongly dependent on
morphology, organic films require detailed nanoscale
characterization.6,24 For inorganic systems, a wide va-
riety of tools are available for high-resolution imaging
and tomography.26 Unfortunately, organic systems do
not have this luxury, as they are sensitive to ion, electron,
and X-ray irradiation, and many techniques are ham-
pered by weak scattering contrast.23,24,27–30 This does
not rule out these techniques, but limits the kind and
quality of data they can yield.
The first major class of techniques that have
been employed to ascertain morphology are trans-
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2mission electron microscopy (TEM) and its deriva-
tives, including high-angle annular dark field scanning
TEM (HAADF-STEM), and energy-filtered TEM (EF-
TEM).5,7,24,25,29,31,32 TEM has enabled ground-breaking
studies of organic nanostructures because of its excel-
lent spatial resolution—with some instruments capa-
ble of resolving sub-nanometer features—which greatly
contributed to the development of organic electronic
devices.6,23,24 Unfortunately, difficulty with contrast in
these systems can make it challenging to definitively
identify molecular species.23,24,28 Bright-field TEM re-
quires defocusing to create material contrast, which can
change the apparent size of features, cause contrast re-
versals, and lead to quantitative analysis errors.25 EF-
TEM or electron energy-loss spectroscopy (EELS) can
help with this issue by using energy loss spectra to dis-
criminate materials using a specific element or other spec-
troscopic signatures.23–25,28 However, the spectral re-
sponse depends on the structure of the sample in addition
to its composition, complicating species assignment.28
HAADF-STEM can also improve contrast by looking at
high-angle scattered electrons, which depend on the av-
erage atomic number, but the reduced electron count
leads to a trade-off between signal-to-noise ratio and
imaging time (and consequent sample damage).24,25 For
fullerene systems, endohedral fullerenes have been substi-
tuted to increase contrast further, allowing measurement
of, e.g., phase purity; however, these systems do not di-
rectly reproduce the original system because of changes
to the solubility of the endohedral fullerene as compared
to the original system.25 Even in native systems with
high contrast—such as cyclometallated compounds—it is
challenging to determine the three-dimensional structure
based on a two-dimensional projection.6,31 Electron to-
mography can overcome this limitation, giving full three-
dimensional information; unfortunately, the increased
beam exposure due to imaging at many angles exacer-
bates the material degradation problem of electron mi-
croscopy techniques.6,23,24 Because of the changes in con-
trast between the different TEM methods and different
sample preparations (e.g. sample thickness), comparing
and interpreting different results can be challenging.6,24
Scattering methods are also a common tool for prob-
ing organic film structure, and have been instrumental in
developing our understanding of organic morphologies;
but, due to the low scattering contrast or requirement
for a tunable source, they must often be performed at
beamlines or user facilities.7,11,29,32 X-ray reflectometry
(XRR) measures layer thickness and roughness, includ-
ing at buried interfaces, making it a great tool for ex-
amining interfacial changes and abruptness; however, it
provides no chemical identification.7,11 Grazing incidence
measurements, such as grazing incidence X-ray diffrac-
tion (GIXD) and grazing incidence wide-angle X-ray
scattering (GIWAXS), probe three-dimensional morphol-
ogy, but the former only images crystalline regions and
the latter cannot probe the full three-dimensional space
of the sample.11,24,29,32 Neutron reflectometry (NR) can
measure thicknesses down to a nanometer and is more
sensitive to material composition than X-rays, but gen-
erally requires deuteration of one organic species.9,23,33
Resonant soft X-ray scattering (RSoXS) can examine lat-
eral structures with a thickness of a few nanometers even
at buried interfaces, and has higher scattering intensity
than hard X-rays through careful selection of the photon
energy.6,23,32 Scattering methods generally require model
fits to interpret the data that are not necessarily unique,
but this can be mitigated by using reference materials to
provide phase data (e.g. phase-sensitive NR).6,23
A variety of other methods have been used to probe
nanostructure as well, but these often only provide in-
formation within a limited parameter space. One of
the most common is atomic force microscopy (AFM),
which can characterize surface roughness down to a few
nanometers.5,7,9,11,23,24,32,34,35 Near-field scanning pho-
tocurrent microscopy (NSPM) allows correlation of the
surface morphology with photoresponse.23,24,36 Comple-
mentary to this are various optical techniques—such as
UV–vis/IR spectroscopy or spectroscopic ellipsometry—
which can image into the bulk of the material but spa-
tially average the information.6,7 X-ray photoelectron
spectroscopy (XPS) and ultraviolet photoelectron spec-
troscopy (UPS) can quantitatively identify chemical ele-
ments and shifts within ∼ 5 nm of the surface, but they
have a lateral resolution limit of ∼ 30 µm and cannot
identify molecular species.7 Similarly, near edge X-ray
absorption fine structure (NEXAFS) spectroscopy is sur-
face sensitive within ∼ 2 nm and has a lateral resolution
of 10 nm to 100 nm with the same elemental sensitivity;
interpreting this information, however, strongly depends
on the interaction model used.6,23,24 Time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS) and dynamic
SIMS (DSIMS) provide a three-dimensional spatially-
resolved chemical profile; however, their lateral resolu-
tion is ∼ 50 nm—much larger than many morphological
features—and the depth resolution from sputtering often
must be correlated with a second measurement such as
in-situ AFM.6,7,15,23,35 Furthermore, because the mate-
rial is sputtered, it generally creates fragments that make
interpreting the resultant mass spectrum more difficult,
and can have differences in sputtering efficiency for dif-
ferent materials.23,37 Even with these limitations, SIMS
is closest to a single measurement of chemical and mor-
phological information that is widely used by the com-
munity, but still cannot answer many questions about
system morphology because of its limited spatial resolu-
tion and fragmentation of molecular species.
The immense effort to develop and adopt the aforemen-
tioned and other tools has enabled innumerable advances
in the field, but many questions remain that are difficult
to explore with existing techniques. Existing imaging
techniques generally have insufficient resolution or chem-
ical contrast to characterize the nanostructure of the ma-
terial at adequate levels to inform better physical theories
of organic electronics; measurements typically provide ei-
ther high spatial or sensitive chemical information—but
3rarely both—requiring indirect correlation of information
from several different techniques.23,24
APT, which combines both high spatial resolution
(< 1 nm) and high analytical sensitivity (< 100 ppm) in a
comparatively large volume (> 107 nm3), simultaneously
measures chemical and spatial information with high
precision.38,39 This ability can help provide the struc-
tural information needed to propel the next generation
of physical theories for organic electronics.
In APT, a sample prepared with a sub-micrometer ra-
dius of curvature is held at cryogenic temperatures under
high bias, generating a large local electric field. A volt-
age or laser pulse of adequate intensity excites an atom
or molecule on the surface to field evaporate. The elec-
tric field accelerates this ion towards a two-dimensional
position- and time-sensitive detector; we note that, while
the efficiency of this detector is not unity, it can be up
to 80 % in new instruments,40 which is quite high for any
ion counting technique.41 This process repeats until the
desired thickness of sample has evaporated. The time-of-
flight of each ion gives its mass-to-charge ratio, and its
position on the detector allows the ion’s location to be
reconstructed in three dimensions.38,39,42
Despite APT’s excellent spatial and chemical resolu-
tion and the relative maturity of the technique, the body
of APT analyses of organic systems is small.43–51 Most of
these studies looked at polymers, which, because of their
chain structure, fragment during field evaporation.47–51
In 2012, Joester et al. examined a blend of poly(3-
hexylthiophene-2,5-diyl) (P3HT) and C60;
51 as before,
the P3HT polymer proved difficult to study due to un-
even fragmentation, but the mass-spectrum had a clear
C60 signal, suggesting that small-molecule organic sys-
tems should be amenable to study with APT.
In this paper, we show that APT has a mass resolution
of < 1 Da, spatial resolution of ∼ 0.3 nm in z and ∼ 1 nm
in x-y, and an analytic sensitivity of ∼ 50 ppm. This
capability enables new insights into structure-property
relationships at the nanoscale—both at interfaces and
in the bulk—which we demonstrate in an OPV and an
OLED system. This information can help drive forward
the development and deployment of molecular organic
electronics.
II. RESULTS AND DISCUSSION
Organic molecular materials span a wide range of
structures, bond types, masses, and atomic constituents.
This variety makes organic electronics very versatile, but
also challenging to assign properties as a whole group.
We have successfully analyzed a number of materials
systems with APT that represent a reasonable cross-
section of common organic electronic molecular classes;
some of these structures are shown in Figure 1, and
other materials include bathophenanthroline (BPhen),
diindenoperylene (DIP), and 4-(dicyanomethylene)-2-
methyl-6-julolidyl-9-enyl-4H-pyran (DCM2). Thus far
Figure 1. Some example molecules successfully analyzed with
atom probe: (1) tris-(8-hydroxyquinoline)aluminum (Alq3),
(2) 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP), (3) tris[2-
phenylpyridinato-C2,N]iridium(III) (Ir(ppy)3), (4) bis[3,5-
di(9H-carbazol-9-yl)phenyl]diphenylsilane (SimCP2), (5) C60,
(6) tetracene.
we have confined ourselves to thermally evaporable
molecules, but this is not a known limitation of the tech-
nique; in fact, in electron irradiated systems we observe
field evaporation of covalently bridged C60 dimers and
trimers, which are both insoluble and cannot be sub-
limed. The limits for applicability of APT to organic and
other materials systems are not fully known, and merit
further study. The Methods section provides details of
our sample preparation and analysis process.
In applying a new technique to any system, it is impor-
tant to understand the quality of information it provides.
For APT, there are three major concerns: (1) species dis-
crimination, (2) molecular fragmentation, and (3) spatial
resolution. We address each of these to validate APT for
organic molecular materials.
A. Validation
In APT, mass resolution is typically characterized by
the mass resolving power (MRP), which is given by:52
MRP =
m
∆m
(1)
where ∆m is the full-width at half-maximum of the peak
at mass m. We have demonstrated MRPs of > 1000 us-
ing a flight path length of 160 mm; Figure 2 shows part of
4715 720 725 730
0
50
100
150
200
Mass−to−Charge Ratio (Da)
Co
un
ts
Figure 2. Mass spectrum of C+60 showing isotopic peaks; the
red lines are its expected isotopic distribution. Based on the
peak separation, this spectrum has a mass resolving power
(m/∆m) of about 1000.
a mass spectrum collected on a sample of C60 (structure
shown in Figure 1 (5)) in which the isotopic peaks are
clearly resolved. This high MRP allows definitive iden-
tification of the molecular constituents of a sample by
comparing the spectrum to the expected isotope distri-
bution.
Figure 3a shows the mass spectrum of a blended
film of 6 vol % tris[2-phenylpyridinato-C2,N]iridium(III)
(Ir(ppy)3) in 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP,
purified by thermal gradient sublimation) (their molecu-
lar structures are shown in Figure 1 (2) & (3)). There
is a small but clearly resolvable peak at 319 Da (marked
Impurity); that we can observe this peak at all is a clear
advantage of APT in organic systems, as it comprises
only ∼ 0.5 % of the total film. This peak is near the
mass of CBP missing one carbazole group, and there-
fore might be thought to arise from the fragmentation of
the molecule during the atom probe evaporation process;
however, the high MRP of APT allows us to discern that
this peak is 1 Da too heavy for a fragment with a dangling
bond, indicating that there is a hydrogen attached to the
phenyl ring. This extra hydrogen identifies this peak as
an impurity in the material left over from its synthesis,
not a fragment. We note that the nearby Ir(ppy)++3 peak
is at the expected mass and can be used as a reference.
APT provides more data than just spatial position
and mass, and this ancillary information can reveal more
about what has been observed. Because of both the
dynamic distribution of the electric field on the sam-
ple’s surface and the stochastic nature of field evapora-
tion events, multiple ions can evaporate during the same
pulse.53 This is sometimes reduced through the selection
of run parameters, but these multiple hit events can en-
hance our interpretation of the data. A 2D correlation
histogram of double hit events during an APT run (Fig-
ure S1) shows no evidence of molecular fragmentation
during ionization of the Ir(ppy)3:CBP sample, strength-
ening our rejection of fragmentation.54 Furthermore, a
run of as-received CBP shows this impurity comprising
about 5 % of the film (Figure S2 in the Supporting Infor-
mation), further supporting the impurity interpretation
of these peaks.54 Given the noise floor observed in these
spectra, we estimate our sensitivity to be approximately
50 ppm.
Because the sample acts as the optic and we use an
unconventional tip geometry in this implementation (see
Methods section), it is critical to characterize the spa-
tial resolution. To test our spatial resolution, we pre-
pared a film of C60 on DIP, which templates C60 with
the (111) plane parallel to the substrate and enhances
crystallinity.55 The crystalline structure provides an in-
ternal measure of the spatial resolution of APT for our
specimens, which has been the standard method of esti-
mating resolution among the APT community.56
Figure 4 shows the film’s z-axis spatial distribu-
tion map (SDM)—a common analysis method for crys-
talline APT data that measures the distribution of z-
axis components of the vectors between points in a
neighborhood.41 Fitting to a model of evenly spaced
Gaussian functions with equal standard deviations allows
us to extract information about our resolution. The reg-
ular spacing of the peaks is 0.817(2) nm with this recon-
struction, which corresponds to the expected (111) lat-
tice planes of the oriented C60 at 0.817 nm. The width
of the peaks indicates that the spatial resolution of this
sample—which we define as the standard deviation of the
fitted Gaussians—is 0.313(3) nm in the z-direction. We
note that this is not a physical limit of the resolution for
the technique, but what was achieved for this particular
sample; we discuss ways to improve this resolution in the
Future Directions section.
Given this known dimension in z, we can adjust the re-
construction parameters to return the expected density of
the crystal. This reconstruction allows for estimation of
the field of view, which for this sample is around 760 nm;
as there are about 800 pixels across the detector,57 our
x-y resolution is limited to about 1 nm but could be im-
proved with different sample geometries or increasing the
detector path length from 90 mm to 160 mm. A real space
plot of molecular locations is provided in the Supporting
Information (Figure S4).
B. Organic Photovoltaics
In 2016, we used APT to investigate the behavior of the
bilayer fullerene/acene small-molecule OPV system—one
of the most studied models for testing our understanding
of the crucial heterojunction interface for OPVs.58 APT
revealed that the fullerene and acene molecules chem-
ically react at the heterojunction interface, creating a
partial monolayer of a Diels-Alder cycloadduct (DAc)
species (Figure 5a) that standard processing techniques
cannot eliminate. This spatially resolved chemical reso-
50 100 200 300 400 500 600 700
Mass−to−Charge−State Ratio (Da)
Co
un
ts 
(a
rb
.)
101
102
103
CBP
CBP
Impurity
Ir(ppy)
Ir(ppy)
Ir(ppy)
Impurity
++
++ +
++
+
3
3 3
Figure 3. Mass spectrum of a blended film of 6 vol % Ir(ppy)3 in CBP; (inset) Region of CBP impurity showing a clear offset
of 1 Da from the expected fragment location, while the Ir(ppy)++3 peak is at its expected mass.
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Figure 4. Spatial distribution map (SDM) of C60 templated
on diidenoperylene (DIP) showing crystal planes in the z di-
rection. The sampled volume is ∼ 2600 nm3. A fit to the
peaks (red) indicates the spatial resolution of this sample in
the z dimension is 0.313(2) nm.
lution helps explain changes in device performance due
to the presence of the DAc.
Though this adduct might be attributed to a van der
Waals bonded pair of C60 and tetracene (Tc; structure in
Figure 1 (6)) co-evaporating, measuring a blended film
of C60:Tc with Fourier transform infrared (FTIR) spec-
troscopy confirms the presence of vibrational modes pre-
viously attributed to the Diels-Alder cycloadduct, which
provides strong evidence for a reaction.59 We also note
that Breuer et al. concurrently observed the presence of
a reaction at the interface.60
Because the DAc has a lowest unoccupied molecular or-
bital (LUMO) energy ∼0.16 eV shallower than C60, the
presence of the DAc at the interface should affect de-
vice properties by preventing electrons from reaching the
interface.61 To test the effects of the DAc on device pa-
rameters, we purposefully introduced an “interlayer” of
DAc by co-depositing a Tc:C60 blend at the interface
and performed an annealing series to vary the extent of
the interfacial reaction. The data in Figure 5b demon-
strate that the reaction does indeed change device prop-
erties: the devices with the co-deposited interlayer show
higher open circuit voltage (VOC) than the bilayer de-
vices. Furthermore, the increase of VOC with annealing
temperature in all devices corresponds to an increase in
the DAc as measured by FTIR. This information, com-
bined with temperature-dependent external quantum ef-
ficiency and VOC measurements, allowed us to determine
that—because face-on Tc/C60 interfaces have the small-
est CT-exciton energy62 and are the most reactive63—
these sites should form the DAc first upon annealing, re-
moving the deepest traps sites from the density of states
at the heterointerface. This reduces the average reorga-
nization energy for CT exciton formation, consequently
increasing VOC .
This problem takes advantage of APT’s strengths:
there is no elemental composition change for this species,
and its concentration and location in the film are criti-
cally important to understanding its impact on device
performance. The development of this analysis, and
the explanation that resulted, was only possible because
of the unique capabilities of APT. Measuring the clear
structure-property relations of an organic system moves
the field closer to closing the experiment-theory loop.
C. Organic Light-Emitting Diodes
In fluorescent and phosphorescent systems such as
OLEDs, high enough local concentrations of the emit-
ter molecule cause concentration quenching—an issue
where a sufficient dimer concentration allows for rapid
non-radiative relaxation to the ground state, reducing
efficiency.64,65 The first report of concentration quench-
ing in OLEDs was by Tang, Vanslyke, and Chen 66
two years after their seminal paper describing efficient
organic electroluminescence.67 This concentration effect
impacts both efficiency and peak emission wavelength,
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Figure 5. (a) Molecular concentration profile near the inter-
face of the C60-tetracene (Tc) planar heterojunction. The
concentration of the Diels-Alder adduct is confined to the
interface. (b) Representative current density-voltage (J-V )
curves for Tc/C60 bilayer devices under 1 sun illumination
(AM1.5), tested as-deposited and after annealing at 75 ◦C,
100 ◦C and 125 ◦C for 30 min (solid lines). Equivalent devices
with a 10 nm Tc:C60 interlayer are also shown in dashed lines
with symbols and colors that correspond to annealing condi-
tions for the bilayer devices. Adapted with permission from
Nano Lett., 2016, 16 (10), pp 6086–6091.58 c© 2016 American
Chemical Society.
and is compounded for systems in which the guest emit-
ter molecule aggregates.31
The heavily-studied, archetypal phosphorescent OLED
system of CBP:Ir(ppy)3 is suspected of this emit-
ter aggregation, increasing self-quenching, exciton-
exciton and exciton-polaron interaction, and device
degradation.31,68–71 Measuring aggregation in OLED ac-
tive layers is a natural problem for APT, which can easily
discriminate and locate each molecule with high preci-
sion. To study aggregation, we deposited a blended film
of 6 % (vol. %) Ir(ppy)3 in CBP—a typical blend ratio
for this system.71
To characterize clustering of Ir(ppy)3 in the sample,
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Figure 6. K-function anomaly for Ir(ppy)3 in CBP along
with simulation envelopes. The excursion of the observed
K-function above the envelopes indicates significant (devia-
tion outside a 99.9 % acceptance interval) clustering of the
Ir(ppy)3 in the range of about 5 nm to 12 nm.
we used the three-dimensional K-function (K3); this
function measures the number of additional Ir(ppy)3
molecules contained within a sphere of radius r cen-
tered about each Ir(ppy)3 molecule, normalized by the
bulk concentration of Ir(ppy)3.
72 Acceptance interval en-
velopes were generated for the measured K-function by
randomly relabeling the molecular identities of the mea-
sured CBP:Ir(ppy)3 data 50,000 times and calculating
K3(r) of the relabeled Ir(ppy)3 patterns. Deviations
above this envelope indicate significant non-random clus-
tering of the observed Ir(ppy)3 at those distances.
We use the square root of the K-function to stabi-
lize the variance of the envelopes; this transformation
does not change any of the underlying conclusions drawn
about the observed data, and is commonly used in the
analysis of point patterns.72,73 To make interpretation of
the data easier, we also subtract the median value of the
envelope, centering the plot about zero. From the trans-
formed K-function and envelopes shown in Figure 6, we
observe significant (deviation outside a 99.9 % acceptance
interval) clustering of the Ir(ppy)3 in the range of about
5 nm to 12 nm. This corroborates earlier work using
HAADF-STEM,31 but adds quantitative length scales in
three dimensions that allow for better models of mixing
and charge transport. Furthermore, the method can be
extended to other small-molecule organic systems, as it
does not require a high z-contrast atom such as the Ir
core in Ir(ppy)3. The effect of the observed clustering on
device properties will be explored in future publications.
III. FUTURE DIRECTIONS
While APT has already provided insights into the
structure-property relations of small-molecule organic de-
vices, there are plenty of avenues for improvement. Some
7work has been done to use a focused ion beam (FIB) to
lift out a section of organic material from a film.30,74
Over the last decade or so, this has become the standard
method of sample preparation for APT,38 and while this
makes sample preparation more challenging, it is similar
in complexity to the preparation of organic samples for
TEM imaging.23 If radiation damage can be mitigated,
this method should allow for better spatial resolution be-
cause it removes the limitation on the radius of curvature
to be locally flat, permitting smaller tip radii to enhance
spatial resolution (see discussion in Methods section). It
also opens up many more avenues for experimentation.
In particular, it allows devices to be analyzed after op-
eration, which permits observations of the morphological
differences between devices before and after. This would
permit experimental testing of models, such as the cur-
rent filamentation expected during OLED operation.75
Similarly, it allows for study of how operation and pro-
cessing affect morphology, molecular migration, or new
chemical species creation due to material reactions.
The spatial information provided for working devices
is particularly valuable for closing the experiment-theory
loop. Positions of molecules could be fed into a model of
electronic transport to directly compare predicted and
measured device properties, which would allow rapid
testing of models and point to areas of theory that re-
quire refinement. Similarly, understanding how molecu-
lar structures determine their mixing distributions would
help develop a theory of solid-state solubility, directing
materials design to control morphology and hence device
performance.
IV. CONCLUSIONS
Morphology is inextricably linked to the behavior of
organic devices, and it is crucial to understand—and ul-
timately control—the structures of these systems. Us-
ing APT to study small-molecule organic semiconducting
systems can potentially answer long-standing questions
of device characteristics, and bolster a broader theory of
organic electronic physics. The high chemical discrimi-
nation (< 1 Da), spatial resolution (∼ 0.3 nm in z and
∼ 1 nm in x-y), and analytic sensitivity (∼ 50 ppm) we
have achieved with APT are unmatched for studying the
morphology of small-molecule organic materials; we note
that these parameters are not fully optimized and there
is still room for improvement. Through this chemically-
specific and spatially-resolved information, APT can an-
swer questions about both bulk and interfacial structures.
This capability adds another powerful characterization
tool for the organic electronics community, enabling new
experimental directions. As APT matures, it will be-
come an ever more valuable technique for studying or-
ganic molecular materials. By providing high-resolution
and chemically-specific information, APT can help move
organic semiconductors towards their promise of large-
scale, high-versatility, and low-cost electronics.
V. METHODS
A. Sample Preparation
Thin films were prepared by vacuum thermal evapora-
tion; film thickness and doping ratios were controlled by
the deposition rate, monitored by a quartz crystal oscil-
lator.
CBP and Ir(ppy)3 were from Lumtec; CBP was used
both as received and purified by vacuum gradient subli-
mation before use, while Ir(ppy)3 was used as received.
Sublimed grade C60 from MER Corp. was purified
again with a vacuum gradient sublimation before use.
Tetracene was sublimed grade from Sigma Aldrich, used
as received.
Because of the sensitivity of organic films to electron
radiation, we deposit films directly on a curved Si or W
tip rather than using the standard practice of cutting
them out from a flat film using a focused ion beam.38
Because of the low evaporation field of molecular organic
materials, we can use a tip with a large radius of curva-
ture (R = 250 nm to 500 nm) which approximates a flat
surface locally. An SEM image of a Si tip is provided in
the Supporting Information (Figure S5).
B. Data Acquisition and Analysis
APT data were taken using a CAMECA LEAP 4000X
Si operated in laser pulse mode; the multiple hit values
are typically below 15 %. The reconstructions were per-
formed using CAMECA IVAS software (3.6.14).
Run parameters were optimized to minimize multiple
hit events; the parameters presented below are typical
for our specimens. The crystalline C60 sample (Figure
4) used a temperature set-point of 30 K, a laser pulse en-
ergy of 12 pJ, an evaporation rate target of 1 ion per 100
pulses, a laser pulse frequency of 250 kHz, and a detec-
tor distance of 90 mm. It was reconstructed using voltage
evolution with an image compression factor (ICF) of 1.60,
a detector efficiency of 0.55, and a tip radius of 315 nm.
The SDM was generated using 0.05 nm z cuts to give the
best peak quality.
The blended CBP:Ir(ppy)3 sample (Figures 3 & 6) used
a temperature set-point of 25 K, a laser pulse energy of
5 pJ, an evaporation rate target of 3 ions per 100 pulses, a
laser pulse frequency of 125 kHz, and a detector distance
of 160 mm. It was reconstructed using voltage evolution
with an ICF of 2.00, a detector efficiency of 0.55, and a
tip radius of 350 nm.
A representative voltage curve and detector hit map
are provided in the Supporting Information (Figures S6
& S7).
Mass spectra analysis was performed using the
MALDIquant package in R, using the Statistics-sensitive
Non-linear Iterative Peak-clipping (SNIP) algorithm for
background subtraction.76 Spatial statistical analysis was
8performed using the spatstat package in R, or extensions
available at https://github.com/aproudian2/rapt.
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I. CORRELATION HISTOGRAMS
Correlation histograms of events when two ions are detected for a single laser pulse were
proposed by Saxey to aid in mass spectrum analysis for atom probe tomography (APT).1 It
plots the masses (i & j) of each detection event against each other and then bins this data
to examine occurrence frequencies; as a result, it is symmetric about i = j.
There are four key features that are visible in correlation histograms. First are the
expected bright spots at coincidences between major peaks i and j representing the field
evaporation of two ions. More interesting are the three types of lines that emanate from
these points. Horizontal and vertical lines are due to the delayed evaporation of one ion of
the pair. Curved tracks that go from low i and j (lower left) to high i and j (upper right)
are the result of delayed evaporation for both ions. Finally, tracks that go from upper left
to lower right are due to mid-flight dissociation of the parent ion, which are of interest when
investigating possible molecular fragmentation.
II. IMPURITY
For the blended film of 6 vol % tris[2-phenylpyridinato-C2,N]iridium(III) (Ir(ppy)3) in
4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP, purified by thermal gradient sublimation), there
are three pieces of evidence that support assignment of the peak at 169 Da as an impurity
over a fragment. First is the mass detected in the inset of Figure 3 indicating the presence
of H at the possible fragmentation location. Second is a correlation histogram of the data
showing no evidence of fragmentation of the doubly ionized CBP into that peak (Figure
S1). Third is the relative component of the peak is an order of magnitude higher in the
as-received material (5 %) (Figure S2) as compared to the purified (0.5 %) (Figure 3). In
this film, with much a higher signal from this impurity peak, there is still no evidence of
fragmentation in a correlation histogram (Figure S3).
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Figure S1. A correlation histogram of a blended film of 6 vol % tris[2-phenylpyridinato-
C2,N]iridium(III) (Ir(ppy)3) in 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP, purified by thermal gra-
dient sublimation) focused on the CBP++ peak, which shows no evidence of fragmentation of the
CBP into the unexpected peaks.
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Figure S2. Mass spectrum of as-received CBP; the impurity at 319 Da is 5 % as compared to 0.5 %
in the CBP purified by thermal gradient sublimation used in the 6 vol % Ir(ppy)3:CBP blend.
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Figure S3. A correlation histogram of the as-received CBP focused on the CBP++ peak at 242 Da,
which shows no evidence of fragmentation of the CBP into the unexpected peaks.
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III. ATOM PROBE
We use a smooth Si tip as the substrate for our APT sample films (Figure S5). These tips,
though very large compared to a typical APT sample radius of curvature,2 still yield smooth
evaporation both spatially and temporally. Figure S6 shows the smooth variation of hits
across the detector, and Figure S7 shows the narrow window of voltage used during APT.
We note that the fluctuations in voltage during the run are due to laser drift compensation
algorithm errors, requiring manual laser adjustments to keep the sample properly running;
this leads to more abrupt changes in evaporation rate and hence voltage than in typical
APT runs.
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Figure S4. A real space plot of the points used to generate the spatial distribution map (SDM) in
Figure 4. The red line marks the location of a potential grain boundary.
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Figure S5. A representative Si tip used for film deposition and subsequent atom probe tomography
(APT) analysis.
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Figure S6. A representative detector hit map for small-molecule organic semiconductor samples.
8
0 2 4 6
0
2
4
6
8
Ion Count
× 106
Vo
lta
ge
 (k
V)
Figure S7. A representative voltage curve for small-molecule organic semiconductor samples. The
fluctuations in the curve are due to the laser drift compensation algorithm not working effectively
for our sample geometry, requiring manual laser adjustments to keep the sample properly running.
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